We experimentally and theoretically investigate the Hahn echo decay curve for nitrogen vacancy centers in diamond with different spin concentrations. The Hahn echo results show a non-exponential decay for low spin concentrations, while an exponential decay is dominant for high spin concentrations.
can induce a transition between ms = 0 and ms = ±1 for the electronic ground state. By using frequency selectivity, we can use this system as an effective two-level system. The electronic ground state for the NV center spin (S = 1) can be initialized and read by optical pumping, allowing us to perform optically detected magnetic resonance (ODMR) with NV centers [1] .
Moreover, NV centers have a long coherence time and stability even at room temperature [2] .
These properties indicate NV centers have the potential to realize quantum information processing involving quantum memory [3] [4] [5] [6] , quantum simulation [7] [8] [9] , and distributed quantum computation [10] [11] [12] [13] [14] [15] . One of the most attractive applications of NV centers is for high sensitivity magnetometers [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . A single NV center allows nanoscale magnetometry with a reasonably high sensitivity (~ nT/Hz 1/2 ) [2, 16, 17] , making it possible to perform nano-NMR [18] .
For a sensor with a size of about a micron, where magnetoencephalography and magnetocardiogram applications are possible, an ensemble of NV centers has a high sensitivity proportional to the square root of the number of NV centers [19] [20] [21] [22] [23] . A sensitivity of 0.9 pT/Hz 1/2 has been demonstrated with 1.4 × 10 11 NV centers using spin echo based magnetometry [19] .
Also, several techniques such as the use of a sophisticated pulse sequence [25] [26] [27] [28] or hybridization with other systems [3] [4] [5] [6] have expanded the potential of NV based magnetometers.
Furthermore, theoretical calculations have shown that the optimal sensitivity is around 250
aT/√Hz /cm 2/3 , which is comparable to that of SQUIDs [16] , though the sensitivity of NV magnetometers is currently lower than the optimal value and still needs to be improved.
Importantly, NV centers suffer from decoherence, which is an obstacle for more practical applications. By applying a π/2-pulse, we can create a superposition between ms = 0 and ms = ±1.
However, the coherent superposition of two states accumulates a relative phase of the target magnetic field, and low frequency fluctuations of the magnetic field induce dephasing of the NV centers. Importantly, a spin echo pulse sequence eliminates such environmental noise and thus improves the coherence time [2, 16, 17] . This technique is widely used in quantum information processing with NV centers [2, 16, 17] . With a high-density ensemble of NV centers, dipole interactions from nitrogen paramagnetic impurities (P1 centers) are a dominant noise source for spin dephasing [16, 17, [29] [30] [31] [32] [33] . Interactions between the NV centers are another strong noise source [16, 33] . To realize a practical sensor, it is essential to understand how the nitrogen concentration affects decoherence, which will let us determine a strategy to improve the coherence time. There are many ways to suppress decoherence, such as the quantum Zeno effect [34] [35] [36] [37] [38] , dynamical decoupling [29, 44, 45] , qubit motion [46, 47] , and quantum error correction [39] [40] [41] [42] . However, the efficiency of these protocols strongly depends on the noise properties. For example, the quantum Zeno effect and qubit motion can be used when quadratic decay is experimentally observed, while these schemes do not improve the coherence time for exponentially decaying systems. Dynamical decoupling can be used to suppress decoherence only when the environment is non-Markovian. Quantum error correction can detect noise and recover quantum states for any type of local decoherence [47, 48] . However, when using NV centers for quantum sensors, quantum error correction could suppress not only decoherence but also signal accumulation from the target fields, and so a careful assessment of the environment and choice of error correction code is necessary in order to improve the sensitivity when using quantum error correction [39] [40] [41] [42] .
Also, when using NV centers for entanglement enhanced magnetic field sensors, it is crucial to understand the origin of decoherence [49, 50] . Recently, a systematic way to create a few NV centers within a distance of tens of nanometers has been developed [51] , which paves the way to realizing a sensitive quantum sensor with entangled NV centers. However, from a theoretical point of view, it is known that an entanglement sensor is more effective than a classical sensor (that uses separable states) only when the decoherence behavior shows non-exponential decay [49, 50] . This means that for practically useful entanglement sensors, understanding and controlling the environment is necessary.
In this article, we report a systematic study of Hahn echo decay curves for NV centers in several diamond samples with different NV center concentrations. Our experimental results show that an exponential decay curve is observed for a high nitrogen concentration and a nonexponential decay curve is observed for a low nitrogen concentration. Using our model, we can fit the decay curve for both low and high NV center concentrations. Our analysis also shows that the correlation time and amplitude of the dipole interaction from the environmental spin bath have a linear dependence on the spin concentration.
Nine sample diamond crystals with substitutional nitrogen (P1) centers were used in our study. The diamonds were synthesized by high-pressure high-temperature (HPHT) processes [52] .
Among them, samples No. 5-9 were commercially obtained. The NV centers were created through 2-MeV electron irradiation at various doses (the irradiation doses are shown in Table 1) at 745±10 °C and subsequent annealing at 1000 °C for 1 hour in Ar gas. After annealing, the diamonds were cleaned in a mixture of boiling acids (1:1 sulfuric, nitric) to remove graphitic carbon and oxygen-termination at the surface. The P1 center concentrations were evaluated by electron paramagnetic resonance (EPR) spectroscopy at room temperature after electron irradiation and annealing. The NV center concentrations were investigated by comparing the fluorescent intensity between a single NV center and our samples. The fluorescence intensity was measured by applying a 532-nm laser with a lab-built confocal microscope (detection volume:
0.04 µm 3 ). Table 1 shows both the P1 and NV concentrations for the nine diamond samples, estimated from the EPR and fluorescence measurements. The Hahn echo sequence ( Fig. 1(a) ) for the diamonds was performed at room temperature. Green laser pulses at 50 μW illuminated the diamond samples. Microwave pulses were applied by a copper wire above the diamond surface.
A magnetic field (~30 mT) was applied along the <111> direction using a permanent magnet to separate the revival peaks from the Hahn echo decay.
Next, we fit our experimental results using an analytical expression for the decay curves.
First, we fit the results with a simple stretched exponential function (exp (− ( 2 ) )) and estimated the coherence time (T2). Fig. 1(b) shows an almost linear dependence on the spin concentration (the sum of the NV center concentration and P1 center concentration). Although the stretched exponential function is useful for estimating T2 of the NV center, this fit does not capture some important properties of the environment. So, we adopted a random classical Gaussian noise model that contains the noise amplitude and correlation time of the environment, as we will describe later. This model is used to study the noise properties of the spin bath of a single NV center [29] . We introduce the decoherence of a single qubit when we perform a spin echo [16] .
The interaction Hamiltonian between the qubit and the environment is considered to be
where g(t) is a modulation function defined as g(t) = 1 for t ≤ τ /2 and g(t) = -1 for t > τ /2, λ is the amplitude of the noise and f(t) is a classical Gaussian random variable. Here, λ is related to 2 * for the NV centers. If the source of the noise during the free induction decay is only the electron spin bath, we have the relationship 2 * =1/2π . Also, we adopt a correlation function
is the correlation time of the environmental spin bath. This correlation function has been used to describe the spin bath for an NV center in diamond [29] .
We consider non-biased noise such that ( ) ̅̅̅̅̅̅ = 0. From this model, we can derive the Hahn echo decay curve as (see the appendix for details):
For ≪ , we have ⟨1| ( ) ̅̅̅̅̅̅̅ |0⟩ ≃ . These results are consistent with previous work [10] . In Fig. 3 , we show the fitting results for the Hahn echo decay curves. We observed periodic revival peaks due to rephasing of the 13 C spin bath [53, 54] . Since we are interested in the decoherence effect from an electron spin bath that induces a monotonic decay, we performed a fit of the envelope of the data. The theoretical calculations show that we can observe a non-exponential decay for a long correlation time while an exponential decay should be dominant for a short correlation time. Actually, our experiments show a non-exponential decay with lower density samples while the decay becomes exponential for higher density samples. Intuitively, this shows that if the density of the electron spin is increased, the correlation time should be shorter. For a more quantitative analysis, we plot the values of and λ, obtained from fitting our experimental data using Eq. (10), with respect to the spin concentration (the sum of the NV center concentration and P1 center concentration) in 
APPENDIX
We solve the Schrodinger equation in an interaction picture to obtain
By taking the average, we obtain
For a random Gaussian variable, all the cumulants except the second-order terms tend to be zero.
Thus, we can ignore all moments of odd order, giving
So, we obtain
Here, we assume ( 1 ) ( 2 ) ̅̅̅̅̅̅̅̅̅̅̅̅̅̅ = fitting the experimental results using Eq. (10). Table 1 . P1 center concentration and NV center concentration of HPHT samples. Table 1 
